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SuMMAm

An exploratorystudywasmadeto determinewhethera pilotcould
usevibrationof thecontrolstick,in whicheithertheamplitudeor the
frequency,or both,variedwithliftor angleof attack,as a meansof
maintaininga desire~liftmarginbelowthe stall. The studywasmade
in thelaboratorywithseveralsub~ects,bothpilotsandnonpilots,by
usingan apparatusconsistingof a controlstick,a shaker,and shaker
controlequipmentwhichprovidedvaryingamplitudeandfrequencywith
stickdisplacement.The testscon6istedof havinga sub~ectattemptto
maintaina givenfrequencyandamplitudeof vibrationby movingthe stick
to compensateforan arbitrarychangein frequencyandamplitudeimposed
on the systemby an operatorindependentlyof the stick motion.A brief
studywas alsomadeto determinetheminimumchangein frequencyor ampli-
tudea subjectcoulddetect.

Theresultsof thesetestsindicatedthat,onceestablished,a given
flightconditioncouldprobablybe maintainedby sensingvariationsin
stickvibrationsat leastovertheperiodof timecoveredby thetests
(35seconds),protidedthattheallowablevariationsfromthedesired
flightconditions producedchangesin amplitudeof vibrationof about
100percentor changesin frequencyof about40 percent,or both. In the
rangesof amplitudeandfrequencycoveredin thetests,sensitivityto
smplitudechangesincreasedwithincreasein amplitudeand frequency;
sensitivityto frequencychangesdidnotappearto be materiallyaffected
by amplitude.

INTRODUCTION

Artificialstall-warningdevicesin theformof stickshakershave
generallybeenmostacceptableto pilotsbecausethewarningis trans-
mittedto thepilotas a vibrationwhichdoesnot interferewiththe
receiptof otherinformationby thevarioussenses.For similarreasons
stickvibrationappesrsconvenientas an indicator for holding a desired
marginof angleof attackor liftcoefficientbelowthe stallin the
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landingapproach.In orderto shortenthelandingrunsor,forthe case
●

of carrierlandings,to lowerthearreBting-gearloads,it is desirable
to approachat as highan angleof attackas possibleconsistentwith b

thefollowingrequirements:satisfactorystabilityand controlcharac-
teristics,sufficientspeedforsatisfactoryengineaccelerationand
waveoff,andan adequatemarginbelowthe stallto allowforairturbu-
lenceandto providefora flight-pathadjustmentandflsring.Some
workhasbeendonetowsrdusingthe stickshakeras a landing-approach-
conditionindicatoras well.as a stall-warningindicatorby providing
two stagesof ~tickvibrationof different–frequencyandamplitude,one
actuatedat theangleof attackdesiredforthelandingapproachand
theotheractuatedat theprescribedstall-warningmsrgin.Thisarrange-
mentdoesnot,however,appearto be entirelysatisfactorybecauseit
wouldsupplyno indicationof themagnitudeof variationsfromthedesired
flightcondition,whichwouldthereforebe difficultto maintain.The
questionhasarisenas to whethera desiredliftcoefficientor angleof
attackcouldbe maintainedby thepilotwithsufficientaccuracyif he
wereprovidedwitha continuousangle-of-attackor Hft-coefficientdetec-
torwhichwouldsupplya continuousvariationof eitherstick-shakerfre-
quencyor amplitude,or both,overthedesiredrangeof liftcoefficient.

Exploratorytestswerethereforemadein the laborato~withsimu- ●

laterequipmentto determinehowwella subjectcouldmaintaina given
stick-shakerfrequencyandamplitudeby movementof thestickin an effort
to compensateforan imposedarbitrarychangein frequencyandamplitude, “
simulating,forexample,a changesuchas mightbe associatedwitha
changein angleof attackin flight.For thesepreliminarytestsa large
numberof discretechangesin eitherfrequencyor amplitude,or both,
withchangein stickpositionwereusedinsteadof a continuousvaria-
tionwhichcouldnotbe obtainedwiththeavailableequipment.Some
testswerealsomadeto determinetheaverageminimumchangein stick-
shakerfrequencyandamplitudethata subjectcoulddetect.The tests
coveredan amplituderangefromabout0.006to 0.3inch(measurednear
top of stick)anda frequencyrangefromabout4 to 26 cyclesper second.

APPARATUS

Forthe simulatortestsa shakerwas desiredin whichthefrequency
and amplitudecouldbe variedindependently.Theavailableshakerthat
mostnesrlyfittedtheserequirementswasa pneumaticdeviceusedfor
tampingsandin foundrywork. The shakerconsistedof a double-acting
piston-cylindercombinationeqtippedwitha slidevalve. The travelof
the cylinderwas cushionedat eachendby meansof springsor rubber
buffersbetweentheendsof thecylinderandtheendsof thepistonrod
whichextendedthroughthe endsof thecylinder.The shakerwasattached
to thecontrolstickbyoneendof thepistonrod (fig.1).

,
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:
The frequencyof theshakerwas variedby meansof a relayarranged

to oscillatetheslidevalve. Therelayoperatedon intermittentcurrent
. suppliedthrougha rotaryswitchturnedby an electricmotor. The speed

of themotor,andhencethefrequencyof the shaker,was variedby varying
thevoltageto themotor.

The amplitudeof vibrationof the stickwas vsriedat a givenfre-
quencyby varyingthepressureof theair suppliedto the shaker.

The amplitudeandfrequency-responsecharacteristicsof the stick
and shakercombinationare shownin figure2 forthe shakerwithrubber
buffersbetweentheendsof thecylinderandendsof thepistonrod.
Samplewaveforms&mealsoshownin fi~e 2. The doubleamplitudeof
vibrationwasmeasuredon thestickjustabovethe shaker.The response
characteristicsareverysimilarwithspringsin placeof therubber
buffers,exceptthatthemaximumamplitudesattainedweresomewhatsmaller.

Forthefirstphaseof the simulatortests,a continuousvsriation
of frequencyandamplitudewithvariationin stickpositionwas desired.
However,becauseof mechanicalcomplexities,a designpermittingsucha
variationcouldnoteasilybe obtained.A lesscomplexmechanicaland

b electricalarrangementpermittedchangesin stickpositionto produce
discretechangesin motorvoltageandairpressureandhencediscrete
changesin frequencyandamplitude.Thissystemwas thereforeadopted.

e The apparatuswas constructedto allowdisturbancessimulating,for
example,an angle-of-attackchangein flightto be imposedon the system
by makingavailableto the operatorof theequipmenta disturbance-input
controlby whichthefrequencyandamplitudeof stickvibrationcouldbe
changedfroma givenor referencefrequencyand amplitudeindependently
of stickposition.

A schematicdiagramof thearrangementis shownin figure3. Four
disturbanceratesas determinedby camspeedand camshapewereavailable
to theoperator.Therangeof the differencebetweenstickdisplacement
anddisturbance-input-camdisplacement,overwhichshakeroperationwas
desired,was dividedintoI_lparts(steps),eachof whichcloseda switch
througha switchingcam. Eachstitchwas arrangedto actuatesomepreset
frequencyandamplitudeof the shakerthroughrelays,resistances,and
air-pressurevalves(fig.4). The displacementof thedisturhsmce-input
camand thedifferencein displacementsof the stickandthedistuxbance-
inputcamweremeasuredin thetestsby usingNACAslide-wirecontrol
positiontransmitters.

The idealfunctionalcharacteristicsof theapparatusforthefirst
phaseof thetestsareillustratedby theblockdis@am in figure5. In
additionto thevibrationalfrequencyandamplitudesignalsfromthe

● shaker,the subjectmayhavealsogainedcluesfromthenoiseof the stick
shakerandtheairvalves,a lightspring-forcefeedbackto the stick,

8-
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andtheinertiaof thecams. An attemptwasmadeto takeoutthe spring-
G

forcefeedbackby an additionalmechanicallinkageandtomaskthenoise
by playingbackshakernoisepreviouslyrecordedon tape. A.’

For the secondphaseof thetegts,it wasdesiredto determinethe
minimumchangein frequencycm amplitudethata subjectcoulddetect.
For thispurpose,thefrequencyandamplitudestep-controlequipmentof
figures3, 4, and5 was disconnected.Theamplitudewasvariedby manual
operationof an air-pressurevalveandthefrequencywas variedby manual
operationof rheostatscontrollingthevoltageto thefrequency-control
motor.

No provisionwasmadefordeterminingthe effectof vsxioussteady
stickforceson theabilityof thesubjectsto sensechangesin vibration.
Whenthestickpositionwas nesrneutral,it couldbe balancedagainst
thelightspringof the controlpositiontransmitterwhichmeaeuredthe
subjecttsoutput;otherwiseit was overbalanced.

PROCEDUREANDRESULTS

Abilityof SubjectTo Maintaina Selected

Stick-ShakerFrequencyandAmplitude

Descriptionof tests.-Testsweremadeto determinehowwella sub-
jectcouldmaintaina selectedstick-shakerfrequencyandsmplitudewhen
arbitrsrydisturbancesin theformof amplitudeandfrequencychanges
wereimposedon thesystem.Two of therepresentativevariationsof fre-
quencyandamplitudewithstickdisplacementthatweretriedare shown
in figure6. Thevariationsof stickvfbrationtriedwerebasedon the
premisethat,in an actualapplication,theintensityof thevibration
shouldstartat zeroat someangleof attackwellbelowthestalland
increaseto an uncomfortableleveljustbeforethestallto providea
warning.Variationin amplitudeof vibrationwas thereforerequired,
but it wasbelievedthatvariationin frequencymightbe moreaccurately
sensedin attemptingto holda givensingleof attack.Thearrangements
tested,therefore,involvedsimultaneousvariationsof amplitudeand
frequency.Variation, shownin figure6(a),consistedof increasing
theamplitudeand frequencyin 11 stepswithrearwardstickdisplacement.
Themaximumamplitudethatcouldbe attainedwithvariationA wasnominally
0.0>inchdueto limitationsof theequipmentas evidencedin thefre-
quency-responsecalibration(fig.2). ForvariationB (fig.6(b))the
amplitudeincreasedwhilethefrequencydecreasedin the11 stepswith
rearwardstickdisplacement.InvariationB theratioof thechangein
frequencyfromonestepto thenextto thefrequencyof thestepwas ~
constantandtheratioof changein amplitudefromonestepto thenext
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to theamplitudeof the stepwas nearlyconstant.Theseconstantampli-
tudeandfrequencyratioswereude as largeas possiblefortheranges
of amplitudeandfrequencyobtainablewiththeequipmenton theassump-
tionthattheywouldrepresentthemaximumavailableequalstimulibetween
steps. (Thisequal-stimuliconceptwasbasedonWeber’slawin psycholo~
whichstatesthattheratioof thechangein stimulusto thetotalmagni-
tudeof thestimulusis a constantforthesubjectto justnoticethe
change;see,forexample,refs.1 and2.)

Therateof imposingthe disturbancesranged,forfrequency,between
0.08and 8 cyclesper secondper secondand,foramplitude,betweenO
and1.3inchesper second.

Withvariation (fig.6(a))thesubjectswereinstructedto select
a stepwitha frequencyandamplitudetheythoughttheycouldmosteasily
senseandthenattemptto maintain,or nullon,thatstep. For thistype
of variation,thesubjectswerealsogivena trainingperiodof about
10 to 15 minutesper dayforabout10 dayspriorto theday of thetests.
For variationB (fig.6(b)),the subjectswereaskedto tryto nullon
step4. However,therewereno trainingperiodsprecedingthedayof
thetestsusingvariationB sincethetrainingperiodsusedwithvsria-
tionA appearedto havelittleeffecton thesubject’sperformance,
althoughthiswas not conclusivelydetermined.In eachof theseriesof
testsa standardtypeof disturbance(fig.7) was introducedafterthe
subjectspent10 to 15minutesfamiliarizinghimselfwiththevariation
of frequencyandamplitudewithstickdisplacementthatwasbeingused.

Results.-!!Iheresultsof thetestsare shownin figure7 for sev-
eralsubjectsin theformof timehistoriesof thedifferencein dis-
placementsof thestickanddisturbance-inputcam (labeled“subjectout-
put”)andtimehistoriesof thedisturbanceinput,bothexpressedin
inchesof equivalentstickdisplacement.The correspondingstepsare
indicatedas the spacesbetweenthehorizontallineswhichrepresentthe
switchingpointsbetweensteps.A perfectcompensationwouldbe indi-
catedin thefigureby a curvecontainedwithinonestep. A fixedstick,
or no compensationduringa disturbanceinput,wouldbe indicatedby an
outputcurveidenticalto thedisturbance-inputcurve. Sinceperfect
compensationcouldnotbe expectedfroma subjectunlesssignalsother
thanfrequencyandamplitudechangeswerebeingreceived,thebestper-
formancethatcouldbe obtainedwouldbe a one-stepvsriationfromthe
desirednull.

Althoughmoresubjects(pilotsandnonpilots)weretestedwith
variationA thanareindicatedin figure7(a),theresultssre shown
principallyforcomparisonwiththeresultsin figure7(b)forthesub-
jectswhowereavailableforbothseriesof tests.



6 NACATN 3355

In figure7(a),subjects1 and3 hadlittlesuccessin compensating
.

forthedisturbance,whereassubjects2 andk hadbetterperformance.
It is noteworthythat(seefig.6(a))thepercentagechangesin frequency .
andamplitudeat thenullpointspickedby subject62 and4 weregreater
thanforthosepickedby subjects1 and3. Thiswouldseemto indicate
a correlationbetweenperformanceandpercentagechangein stimulias
wouldbe expectedfromWeber’slaw. Theresultsin figure7(b)(where
allsubjectsnulledon step4) indicatethat,exceptwherethemost
rapidchangesoccurred,theperformanceof all subjectswas suchthat
theypermitteda changeof onlytwostepsfromthenull. The corresponding
changein snrplitudeis about120percentandthe changein frequencyis
about40 percent(fig.6(b)). It cannotbe determineddefinitelywhether
thesubjectswereprimarilysensinga changein amplitudeor frequencyor
both(withvariationB). Fortheconditionsof variationA, however,the
percentageamplitudevariationwas verymuchsmallerthanthatforvari-
ationB; whereasthepercentagefrequencychangewas of similarmagnitude.
The subjectswerethereforeapparentlyusingfrequencyas theprimaryrefer-
encewithvariationA andpossiblyalsowithvariationB.

An inrportantfactorin theuse of stickvibrationas an indicator
wouldbe theabilityto rememberthefeelof thevibrationcondition
correspondingto a desiredflightconditionovera periodof timesuf-
ficientto complete,forexample,thefinalapproachto landing,since
no fixedreferenceis availableas in a visualindicator.Thisfactor
was notinvestigatedexceptto theextentof thetimecoveredby the
testsshownin figure7(b),or about35 seconds.Notethat,in all cases
in figure7(b),at theendof thetestthesubjectshadrestoredcondi-
tionsto withinoneor twostepsof theinitialconditionsor within60
to 120percentin amplitudeand20 to 40 percentin frequency.

Fromtheforegoingresults,stickvibrationvaryingwithangleof
attackor liftcoefficientappearsto be usableas an indicatorfor
maintaininga givenflightcondition,at leastfora limitedperiodof
time,providedthattheallowablevsriationfromthedesiredflight
condition,say1° in angleof attack,produceseithera changein wli-
tudeof vibrationof 60 to 120percentor a variationin frequencyof
20 to 40 percent,orboth. It shouldbe pointedoutthatsensingthe
feelof thestickvibrationcorrespondingto a desiredflightcondition
wouldprobablyrequireinitiallyfindingthisflightconditionby refer-
enceto someotherindicatorsuchas a visualdialindicator.Further-
more,vibrationstransmittedto thestickfromtheairplaneor the controls
couldhavea detrimentaleffecton theabilityofpilotsto sensechanges
in vibrationsfromthestickshaker;however,thisfactorwas not
investigated.

Althougha maskingnoisewasusedin thetestsin an attemptto
nullifyanysignalthata subjectcouldbe receivingfromshakerand
control-equipmentnoise,theeffectof shakerand controlnoiseand

.
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maskingnoiseon the subjectfsperformancewas not conclusivelydeter-
mined. Sometestsmadewiththemaskingnoiseturnedoffindicatedno
noticeablechangein subjectperformance.A fewtestswerealsomade
withthe shakerad controlequipmentinoperativebutwitha slight .
forcefeedbackdueto theinertiaof the switchingcamand springsof
the control-positiontransmitterspresentduringthedisturbanceinput.
All subjectstestedexceptonefoundsensingthisforcefeedbackas dif-
ficultas sensingvibrations,particularlyin thatno indicationof the
originalnullwas availableto the subject.One subject,however,was
ableto do betterwithinertiafeedbackthananyonewas ableto do with
vibrations(resultsnot shown).Nevertheless,thelackof a nullindi-
cationovera longperiodof timewas detrimentalto hisperformancealso.

Abilityof SubjectTo DetectChangesin ItrequencyorAmplitude

Descriptionof tests.-In theteststo determinetheabilityof a
subjectto detectchangesin amplitude,the shakerwas firstsetinto
operationat somepredeterminedfrequencyandamplitudeandtheairpres-
surewasnoted. Afterthe subjectheldthestickfora fewsecondsor
longenoughto establisha feelof thelevelof vibration,theamplitude
was increasedor decreasedmoreor lesscontinuouslyat randomratesby
theoperatorthroughmanml operationof theair-pressurevalve. When
the subjectrealizedthattheamplitudehad changed,he signaledto the
operator,who thendiscontinuedthepressuxechange.The changein pres-
surefromtheoriginalpressurewas observedby theoperator.Actually,
the observedpressurechange, andhencetheindicatedamplitudechange,
wasprobablysomewhatgreaterthanthevaluewhichthesubjectfirstfelt
becauseof thelagin theresponseof thesubjectand operatorandthe
finiterateof changeof pressure.

In theteststo determinethesensitivityof the subjectto frequency
change,theprocedurewas verysimilar.The shakerwasfirstsetinto
operationat a predeterminedamplitudeandfrequency.T%e frequencywas
thenchangedby =nually adjustinga rheostatwhichcontrolledthevolt-
age of thefrequency-controlmotorwhiletheairpressurewaskeptconstant.
Becauseof theresponsecharacteristicsof thestickandshakercombina-
tion(fig.2), theamplitudedidnotremainconstantbut changedsome-
-t withchangein frequencyat a givenpressure.As canbe seenin
figure2, thechangein amplitudewith change in frequencyis greater
at thehigherpressuresandthelowerfrequenciesforthisparticular
shakerand stickcombination.

For smplitudesensitivity,twotestsweremadeat a frequencyof
26 cyclesper secondandbasicamplitudesof 0.014inchand0.032inch
andonetestat a frequencyof 10 cyclesper secondanda basicamplitude

3 of 0.032inch. For frequencysensitivitytwotestsweremadewitha
basicfrequencyof 18.8 cyclesper secondandamplitudesof 0.013
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and
for 4-(0.066inch(4lb sq in.and70 lb/sqin.). Therewere2 to 4 subjects

eachtestwith to 91 trialsfor eachsubject.
.

Results.-Theresultsof theamplitude-sensitivitytestsarepresented
in fi~as frequencydistributionsof theratioof the changeIn
ampli~udedetected-tothebasicamplitude(LA/A).Theresults-ofthe
frequency-sensitivitytestsarepresentedin figure9 as frequencydistri-
butionsof theratioof the changein shakerfrequencydetectedto the
basicshakerfrequency(Af/f).The followingis a tabulationof the
resultsof figures8 and9:

For amplitudesensitivity,

andfor

Basicamplitude, Frequency, 2A

in. Cps ()x mean

0.032 10 0.36

.014 26 .24

.032 26 .16

frequencysensitive@,

Basicfrequency, Amplitude, Af
Cps in. ()7 mean

18.8 0.013 0.1.25

18.8 .066 .125
‘

Theresultsindicatethat,overthelimitedconditionscoveredin
thetests,theamplitudesensitivityat a givenfrequencyincreased
(lowermeanvalueof A4/A) withincreaseinbasicamplitudeandalso
increasedfora givenbasicamplitudewithincreasein shakerfrequency.
Obviously,Weber’slaw,whichwouldimplya constantvaluefortheamplitude-
changeratioat a constantfrequency,doesnotapplyto ~litude sensitiv-
ityoverthe conditionscoveredin thesetests. Thisincreasein ampli-
tudesensitivitywithincreasein amplitudeandfrequencyindicatesthat
theamplitudesandfrequenciesusedin thetestsarein thelowerstimulue
range. Increasein sensitivitywithincreaseinmagnitudeof the stimulus
is,of course,characteristicof allsensesin thelowerstiwlusrange
(seerefs.3 to 6). Weber’slawgenerallyappliesonlyin themiddleof
the sensiblestimulusrange. Inregardto higheramplitudes,pilotsused ●

6’
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aflsubjectsconsideredabout1/4inchas a maximumtolerabledouble
amplitude.

Theresultsin figure9 indicateaboutthe samefrequencysensitiv-
ityat twodifferentamplitudes.Comparisonof theresultsin figure9
withthosein figure8 indicatesthat,forthe conditionscovered,the
subjectsweremoresensitiveto frequencychangesthanto amplitude
changes.

Althoughthefrequencyandamplitudetestswereconductedovera
rangeof conditionsunderwhichstickshakershavebeenused,thisrange
maynotbe theoptimumforfrequencyandamplitudesensitivity.Conse-
quently,no directcomparisonof theseresultswiththosefor othersenses
ismade. The sensitivityof othersensesto variousstimulimaybe found
in referencesI to 6.

Theresultsin figures8 and9 indicatethat,in orderto insure
sensinga changein stickvibrationcharacteristics,up to lm.percent
changein amplitudeor up to 40-percentchangein frequencymaybe required
(changesdetectedin 100percentof trials). Thesevaluescorrespond
approximatelyto the changesin stick-vibrationfrequenciesandamplitudes
thatthe subjectsweregenerallyableto detectand correctfor,as shown
in figure7.

CONCLU331NGREMARKS

An exploratoryinvestigationwithlaboratoryappsratuswasmadeto
determinewhethera pilotcoulduse stickvibrationvaryingin either
frequencyor amplitude,or both,withaugleof attackor liftas an indi-
catorformaintaininga desiredmarginof angleof attackor liftbelow
the stall. Theresultsof thetestsindicatethat,onceestablished,a
givenflightconditioncanprobablybe maintainedby sensingvariations
in stickvibrationat leastoverthepericdof timecoveredby thetests
(35seconds),pro~ded tbt allowablevariationsfromthedesiredflight
conditionproduceeitherchangesin amplitudeof vibrationof about
100 percentor changesin frequencyof about40 percent,or both. In the
rangesof amplitudeandfrequencycoveredin thetests,sensitivityto
amplitudechangesincreasedwithincreasein amplitudeandfrequency;
sensitivityto frequencychangesdidnotappearto be materiallyaffected
by amplitude.No investigationwasmadeof theeffectsof extraneow
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vibrationsfromothersourceson theabilityto sensethevibrations
producedby thestickshaker.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,September27,1954.
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Figure l.- Photograph of stick shaker.
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